The compound (Et4N)2[Fe4S4(SCH2Ph)4J has been prepared and its structure determined by x-ray diffraction. The Fe4S4 core of the anion possesses a configuration of D2d symmetry that is closely related to the Fe4S4 active-site structures of the high-potential iron protein from Chromatium and the ferredoxin from Micrococcus aerogenes. Electronic properties of the tetrameric anion have been partially characterized by measurement of proton magnetic resonance, Mossbauer, photoelectron, and electronic spectra, and magnetic susceptibility. 
Nonheme iron-sulfur proteins are active in electron transport processes in the metabolism of bacteria, plants, and mammals (1) . The ubiquitous occurrence of these proteins in various organisms, together with their unusual and characteristic electronic features (2) , has stimulated intense research activity that has resulted in the isolation of several of proteins of low molecular weight (about 6,000-30,000), and the accumulation of extensive data on their physical properties. Iron and sulfur are involved in the active sites of many of these proteins, but a full structural and electronic characterization of these sites in proteins containing more than one iron atom has not been achieved. Furthermore, the postulated or known structures and the measured electronic properties of the active sites of such proteins have not been duplicated or closely approached in any synthetic species of well-defined stoichiometry and structure. Recent x-ray studies have specified the overall structures of the iron-sulfur active sites of three types of bacterial proteins, containing one, four, and eight iron atoms and zero, four, and eight atoms of acid-labile or "inorganic" sulfur (S*), respectively. Rubredoxin from Clostridium pasteurianum contains a distorted tetrahedral Fe-S4 unit (3, 4) . The high-potential iron protein from Chromatium (2.25-A resolution) possesses a roughly cubic Fe4S4* cluster, with iron and sulfur atoms at alternate vertices (5) . Recent results on the 8Fe-8S* clostridial ferredoxin from M. aerogenes indicate the presence of two Fe4S4* clusters, separated by 12 A, each of which has a structure similar to that of the cluster in highpotential iron protein (6) . Each iron of the cluster is bound to the polypeptide chain by one mercaptide sulfur from a cysteinyl residue. The occurrence of a structurally related Fe4S4 unit in synthetic compounds has been established only for [(h5-C5H5)FeS]4 (7, 8) , but may also exist in the tetrameric dithiolene complexes [Fe4S4(S2C2R2)4]z (9) . Other recent studies of synthetic iron-sulfur complexes have centered principally on two-iron species containing mercaptide (10) and sulfide (2, 11, 12) bridges. Certain of the latter evidence spectral similarities to the plant ferredoxins, for which the (Cys-S)2Fe-S2*-Fe(S-Cys)2 arrangement is most probable (2, 13), but none of these complexes has been definitely characterized in solution or in the solid state.
We report results clearly demonstrating that a structure closely related to that of the active site of four-and eight-iron bacterial proteins can be stabilized in discrete synthetic complexes lacking a cysteinyl-containing polypeptide component. These complexes are of the general formulation [Fe4S4(SR)4]2-(R = alkyl), in which each iron atom is bonded to three bridging sulfurs and one terminal mercaptide. As the results described below indicate, certain of the electronic properties of these species resemble those of the proteins in given oxidation levels. Hence, their structural and electronic features reveal these complexes to be the first synthetic analogues of the active sites of iron-sulfur proteins.
MATERIALS AND METHODS
The complexes [Fe4S4(SR)4]2 were prepared by reaction of ferric chloride, sodium methoxide, sodium hydrosulfide, and the appropriate alkyl mercaptan in methanol solution, and were isolated as their tetraalkylammonium salts. They were purified by repeated recrystallization from acetonitrile. Full synthetic details will be presented elsewhere (T. Herskovitz, B. A. Averill, R. H. Holm, and J. A. Ibers, to be published). The R = benzyl species is typical of complexes of this type; it has been thoroughly characterized as its graphite crystal. The crystal used in the data collection had approximate dimensions of 1.0 mm X 0.2 mm X 0.5 mm (calculated volume = 0.814 mm3). A total of 5047 independent reflections was collected. Of these, 4089 obeyed the condition I > 3uY(I), where (I) is based on the total counting statistics and a P = 0.03 (14) . Data were processed (14) , and only the 4084 reflections above 3ar were carried in the ensuing calculations. The structure was solved by direct methods, with the aid of th-e programs FAME (Dewar) for obtaining normalized structure factors, and the MULTAN series (Main, Woolfson, and Germain). The best solution, based on 408 normalized structure factors, yielded the correct positions for the four Fe and eight S atoms. The other nonhydrogen atoms were found in a subsequent difference Fourier synthesis. The structure was refined by full-matrix least-squares methods until anisotropic thermal parameters were added, at which time division of the matrix into two blocks was necessary. The quantity minimized was 2w(IFoI-jFcI)2, where |FO| and jFCf are the observed and calculated structure amplitudes and the weights, w, were taken as 4FO2/a2(F02). Refinement of a completely isotropic model, with no hydrogen atoms, converged to a conventional R factor of 11%. Because of the excessive number of parameters, anisotropic refinement was done with two blocks of the least-squares matrix. All nonhydrogen atoms were refined anisotropically, except for the carbon atoms in the rigid phenyl groups that were assigned variable individual isotropic thermal parameters. After convergence was achieved, the contributions of the hydrogen atoms were added. A difference Fourier synthesis revealed the positions of all methyl hydrogens. For the methylene hydrogens, positions were calculated on the assumption of d(C-H) = 1.0 A and tetrahedral geometry, and these atoms were assigned the equivalent isotropic thermal parameters of the carbon atoms to which they are attached. Refinement was continued until convergence, at which point R = 3.6%.
Proton magnetic resonance measurements were made on Varian HA-100 and HR-220 spectrometers, and are internally referenced to tetramethylsilane. M6ssbauer Table 1 are the average distances and angles for the Fe4S8 portion of the anion.
As is seen in Fig. 1 and from the data in Table 1 , the Fe4S4 core exhibits obvious distortions from cubic symmetry. In particular, the angles S-Fe-S are 104.10, while the angles Fe-S-Fe are 73.80, so that each face of the polyhedron is a rhomb. These rhombs are distinctly nonplanar. There are six planes through the Fe4S4 portion of the anion that are perfect within experimental error. These are the diagonal planes defined by the atoms Fe(n), Fe(m), S(n), S(m), where 1 $ n 3 and n < m ( 4. The distortions of this portion of the complex from cubic symmetry are essentially those of the point group D2d-42m, where the 4 axis passes through the top and bottom faces of the polyhedron in Fig. 1 Fig.¶ The structural data quoted refer to the monoclinic form (8) .
Corresponding data for the orthorhombic phase are closely similar (7). (26, 27) . Electrochemical measurements confirm that the tetramer further resembles the 8-Fe proteins in redox properties. In view of the structure of M. aerogenes ferredoxin (6) , the two-electron acceptor properties of various ferredoxin(0.) (2) 
